INTRODUCTION
Cytochrome c is a small, heme-containing protein found in the mitochondria of all eucaryotic cells. It is one of a series of proteins involved in the electron transport chain, and is therefore essential for aerobic respiration. Due to structural and functional constraints, the cytochrome c proteins of widely divergent organisms exhibit considerable amino acid homology . Assuming this homology to be retained at the DNA level, it was considered likely that a cytochrome c gene from one organism could be used as a specific hybridization probe to isolate the cytochrome c genes of other widely divergent organisms. Utilizing this lnterspecies homology, cytochrome c genes from six species have now been isolated.
Hybridization analysis of total genomic DNA indicates that most non-mammalian species contain only one or two cytochrome c-like sequences per haploid genome.
In contrast, mammals contain approximately 20-30 2 3
cytochrome c-like sequences , most of which appear to be pseudogenes .
At least three different classes of pseudcgenes have been isolated.
One class appears to have arisen via duplication events and subsequent sequence divergence. These pseudogenes contain introns and are frequently linked to the structural gene. For example, the mouse genome contains it appears that the vast majority of these sequences are mRNA-derived pseudogenes, this variation may reflect the relative level of each mRNA species present when these pseudogenes were generated. Therefore, the fact that rat glyceraldehyde 3-phosphate dehydrogenase pseudogenes greatly outnumber rat cytochrome c pseudogenes may indicate that when these pseudogenes were generated, the glyceraldehyde 3-phosphate dehydrogenase gene was expressed at a much higher level than the cytochrome c gene.
To be passed on to subsequent generations, these pseudogenes must have been generated either during spermatogenesis or oogenesis, in primordial germ cells, or in those early embryonic cells which later differentiated into primordial germ cells. A reverse transcriptase-like enzyme is also required. 9 Mouse contains two different cytochrome c proteins . One of these proteins is found in all somatic tissues so far examined. The other protein is found only in the testis and is assumed to be 9 spermatogenesis-specific .
The testis-specific cytochrome c protein differs from the somatic cytochrome c protein at 13 of 104 amino acid 9 residues , therefore, the nucleotide sequence of the two cytochrome c genes is expected to be significantly different.
The mouse cytochrome c pseudogenes should reflect the relative expression of the two cytochrome c genes at the time when these pseudogenes were generated. For example, if the reverse transcription and insertion events leading to the generation of pseudogenes occurred during spermatogenesis, the nucleotide sequence of the resultant pseudogenes should resemble the nucleotide sequence of the putative spermatogenesisspecific cytochrome c gene.
In this communication, we report the existence of a testis-specific cytochrome c transcript. We describe the isolation and characterization of a mouse somatic cytochrome c gene and three mouse cytochrome c pseudogenes.
The nucleotide sequence of these pseudogenes indicates that they were derived by an insertion of a cDNA copy of a mouse somatic cytochrome c mRNA molecule.
MATERIALS AND METHODS
The mouse genomic library was provided by the laboratory of Philip Hybridization and washing conditions were the same as those previously described Plasmid DNA, genomic DNA and polyadenylated RNA were isolated and analyzed as previously described. DNA sequence analysis was performed by 14 the dideoxynucleotide chain-termination procedure
RESULTS

Complexity of Cytochrome c-Llke Sequences in the Mouse Genome
In order to investigate the complexity of cytochrome c-like sequences in the mouse genome, total DNA was isolated from the liver of an individual Balb/c mouse, cut with various restriction endonucleases, fractionated by In order to determine whether the rat cytochrome c gene could be used as a hybridization probe tc detect the mouse testis-specific cytochrome c transcript, polyadenylated RNA was isolated from mouse liver, testis, kidney and heart, fractionated on an agarose-formaldehyde gel, transferred tc a nitrocellulose filter and hybridized to the coding region of the rat (RC4) cytcchrome c gene (Fig. 3) . In each of the four tissues analyzed, three or four hybridizing mRNA species are observed. In testis, however, an additional cytcchrome c mRNA species is observed. This testis-specific transcript is assumed to encode the testis-specific cytochrome c protein. The complete sequence of MCI is presented. Only those nucleotides that differ from MCI are shown for RC4. The predicted amino acid sequence is displayed on the line above the nucleotide sequences. The numbering system begins from the initiation codon. Nucleotides are numbered on the line below the nucleotide sequences and amino acid residues are numbered on the line above the nucleotide sequences. Putative polyadenylatlon signal sequences are overlined.
L T K H
Since the somatic gene probe does not hybridize with equal efficiency tc both the somatic and testis-specific transcripts, and because the testis contains both somatic and germ-line cells, a quantitative evaluation of the relative expression of the somatic and spermatogenesis-specific cytochrome c genes in developing spermatozoa can not be made.
The testis-specific transcript is approximately 1600 nucleotides long.
The somatic cytochrome c transcripts are approximately 1300, 1100 and 800 nucleotides long. Densitometry analysis indicates that the 800-nucleotide-long mRNA band is approximately 2.5 times and 3 times more intense than the 1300-and 1100-nucleotide-long mRNA bands, respectively.
In addition to being more intense than the other mRNA bands, the 800-nucleotide-long band is broader, and therefore, may represent more than one mRNA species.
Isolation of a Mouse Somatic Cytochrome c Gene and Three Cytochrome c Pseudogenes
Since the rat cytochrome c gene (RC4) was able to hybridize to the mouse somatic and testis-specific cytochrome c transcripts, it was considered likely that the rat cytochrome c gene could be used as a hybridization probe to isolate the two mouse cytochrome c genes from a mouse genomic library.
Approximately 1,000,000 plaques were screened and eight unique clones TAA TTCCACTCCC TTATTTATTA CAAAACAAAT CTCTCATCCC TTTTAATCTA CACCATAATT TAATTCACAC ACCAAA-TTC AGATCATCAA TCCCTAGCAA  CA  TT  T  C  A  T  T  T  C  T  T  A  C  AC-T  T  T  AC  C  C  A  T  T Similarly, a G+A substitution at codon 59 of MC3 results in the termination codon, TGA.
Transcription and translation of these clones would therefore result in truncated, nonfunctional proteins being produced. In addition, due to a one bp deletion at codon 9, transcription and translation of MC4 would result in a nonsense polypeptide being produced. Obviously, these three pseudogenes can not produce functional cytochrome c proteins.
By examining the number of mutational events which have occurred in each of the three pseudogenes, it is possible to calculate when each of these sequences was inserted into the mouse genome. Using the value 7 x 10 substitutions/nucleotide/year as an estimate of the rate of silent To be successfully transmitted to subsequent generations, these pseudogenes must have been generated either during spermatogenesis or oogenesis, in primordial germ cells, or in those early embryonic cells which later differentiated into primordial germ cells.
The mouse cytochrome c pseudogenes should reflect the relative expression of the two cytochrome c genes at the time when these pseudogenes were generated. Therefore, if the mouse cytcchrome c pseudogenes were generated during spermatogenesis, the nucleotide sequence of these pseudogenes should resemble the sequence of the putative spermatogenesis-specific cytochrome c gene. However, the nucleotide sequence of the three mouse pseudcgenes which we analyzed resemble the somatic cytochrome c gene, rather than the spermatogenesis-specific cytochrome c gene, indicating that the somatic cytochrome c transcripts were the major cytochrome c mRNA molecules present when these pseudogenes were generated.
The pseudogene, MC4, is interrupted by a 232 bp insertion. MC4 was calculated to have inserted into the mouse genome approximately 10 MYs ago.
Therefore, this region of DNA has been the site of two major insertion events within the last 10 MYs. These insertion events may not be random.
They may reflect a stretch of DNA which contains a favorable region for these insertions to occur. (Fig. 4) . Only 17 individual substitution _9 events have occurred in these two introns. Using the value 7 x 10 substitutions/nucleotide/year as an estimate of the rate of silent site mutations, mouse and rat were calculated to have diverged 23 MYs ago, which is relatively close to the referenced value.
Since mouse and rat have diverged relatively recently, it is possible that rat also contains a functional testis-specific cytochrome c gene.
Hybridization analysis of polyadenylated RNA from rat testis, however, did not detect a testis-specific cytochrome c transcript (results not shown). Since the 3'-noncoding region of mouse and rat are highly conserved, it would appear that the mutations within this putative control sequence are enough to alter its ability to function as a polyadenylation signal sequence.
